Nonreciprocal transmission and fast-slow light effects in a cavity
  optomechanical system by Liu, Jun-Hao et al.
ar
X
iv
:1
90
1.
01
08
3v
1 
 [q
ua
nt-
ph
]  
4 J
an
 20
19
Nonreciprocal transmission and fast-slow light effects
in a cavity optomechanical system
Jun-Hao Liu,1 Ya-Fei Yu,1, ∗ and Zhi-Ming Zhang1, †
1Guangdong Provincial Key Laboratory of Nanophotonic Functional Materials
and Devices (School of Information and Optoelectronic Science and Engineering),
and Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials,
South China Normal University, Guangzhou 510006, China
compiled: January 7, 2019
We study the nonreciprocal transmission and the fast-slow light effects in a cavity optomechanical system, in
which the cavity supports a clockwise and a counter-clockwise circulating optical modes, both the two modes
are driven simultaneously by a strong pump field and a weak signal field. We find that when the intrinsic
photon loss of the cavity is equal to the external coupling loss of the cavity, the system reveals a nonreciprocal
transmission of the signal fields. However, when the intrinsic photon loss is much less than the external
coupling loss, the nonreciprocity about the transmission properties almost disappears, and the nonreciprocity
is shown in the group delay properties of the signal fields, and the system exhibits a nonreciprocal fast-slow
light propagation phenomenon.
OCIS codes: (270.0270) Quantum optics; (120.4880) Optomechanics; (230.0230) Optical devices.
http://dx.doi.org/10.1364/XX.99.099999
1. Introduction
In recent years, optical nonreciprocity has got a lot of
attentions for its important applications in photonic net-
work, signal processing, and one-way optical communi-
cation protocols. In the common nonreciprocal devices,
such as, isolator, circulator, nonreciprocal phase shifter,
the transmission of the information is not symmetric. At
present, the researches about the optical nonreciprocity
mainly focused on two aspects: one is the transmission
properties of the signal fields, another is the photonic
statistical properties of the signal fields.
For the first aspect, scientists have demonstrated that
many physical effects and physical systems, such as Fara-
day rotation effect in the magneto-optical crystals [1–
3], optical nonlinearity [4], spatial-symmetry-breaking
structures [5, 6], optoacoustic effects [7, 8], the parity-
time-symmetric structures [9–12], can be used to real-
ize the optical nonreciprocal transmission. Efforts have
also been made to study the nonreciprocal transmis-
sion in cavity optomechanical systems [13–17]. Mani-
patruni et al. demonstrated that the optical nonrecip-
rocal transmission was based on the momentum differ-
ence between the forward and backward-moving light
beams in a Fabry-Perot cavity with one moveable mir-
ror [18]. Hafezi et al. proposed a scheme to achieve the
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nonreciprocal transmission in a microring resonator by
using an unidirectional optical pump [19]. Metelmann
and Clerk discussed a general method for nonrecipro-
cal photon transmission and amplification via reservoir
engineering [20]. Peterson et al. demonstrated an effi-
cient frequency-converting microwave isolator based on
the optomechanical interactions [21]. Mirza et al. stud-
ied the optical nonreciprocity and slow light propagation
in coupled spinning optomechanical resonators [22].
For the second aspect, the researches on the photonic
statistic properties of the transmitted fields in nonrecip-
rocal devices are fewer. At present, the relevant theo-
retical works include the nonreciprocal photon blockade
[23], the authors discussed how to create and manipu-
late nonclassical light via photon blockade in rotating
nonlinear devices. They found that the light with sub-
Poissonian or super-Poissonian photon-number statistics
can emerge when driving the resonator from its left or
right side. Subsequently, Xu et al. proposed a scheme to
manipulate the statistic properties of the photons trans-
port nonreciprocally via quadratic optomechanical cou-
pling [24].
In this paper, we study the nonreciprocal transmission
and the fast-slow light effects in a cavity optomechanical
system, as shown in Fig. 1. We show that when the in-
trinsic photon loss of the cavity equals the external cou-
pling loss of the cavity, we can achieve the nonreciprocal
transmission of the signal fields with the red-sideband
pumping or the blue-sideband pumping. We also show
that when the intrinsic photon loss is much less than the
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Fig. 1. (a) Schematic diagram of our proposed model. An optomechanical microtoroid cavity supports a clockwise circulating
mode (aˆ) and a counter-clockwise circulating mode (cˆ), both the two cavity modes couple with the mechanical mode (bˆ) via the
radiation pressure. The pump fields (εap, εcp) and signal fields (εas, εcs) couple with the cavity modes by an optical fiber. (b)
The nonreciprocal transmission: the right-moving signal field is completely transmitted (Ta = 1), while the left-moving signal
field is blocking-up (Tc = 0). (c) The nonreciprocal fast-slow light: both the right-moving field and the left-moving signal field
are transmitted (Ta = Tc = 1). However, the group delay of the right-moving signal field is negative (τa < 0), that corresponds
to the fast light. The group delay of the left-moving signal field is positive (τc > 0), that corresponds to the slow light.
external coupling loss, the nonreciprocity of the system
about the optical transmission properties almost disap-
pears, now the system exhibits a nonreciprocal fast-slow
light propagation phenomenon, i.e., the group velocity
of the right-moving signal field will be speed up (fast
light), while the group velocity of the left-moving signal
field will be slowed down (slow light), or vice versa.
2. Model and Hamiltonian
Our system model is shown in Fig. 1(a). We consider
an optomechanical microtoroid cavity, which supports a
clockwise circulating mode (aˆ) and a counter-clockwise
circulating mode (cˆ), both the two cavity modes couple
with the mechanical mode (bˆ) via the radiation pres-
sure. The cavity mode aˆ (cˆ) is driven simultaneously
by a strong pump field εap (εcp) and a weak signal field
εas (εcs). The total Hamiltonian of the system can be
expressed as
Htotal = Hom +Haps +Hcps +Hac, (1)
where Hom = ~ω0aˆ
†aˆ + ~ω0cˆ
†cˆ + ~ωmbˆ
†bˆ + ~g(aˆ†aˆ +
cˆ†cˆ)(bˆ† + bˆ) is the Hamiltonian of the cavity optome-
chanical system. aˆ(cˆ) and bˆ are the annihilation op-
erators of the clockwise (counter clockwise) circulating
cavity mode and the mechanical mode with frequency ω0
and ωm, respectively. g is the optomechanical coupling
strength between the cavity modes and the mechanical
mode. Haps = i~εap(aˆ
†e−iωapt−H.c.)+i~εas(aˆ†e−iωast−
H.c.) describes the interactions of the cavity mode aˆ
with the pump field of amplitude εap =
√
2κPap/~ωap
and the signal field of amplitude εas =
√
2κPas/~ωas,
respectively, in which κ is the coupling decay rate of
the cavity, and Pap (Pas) is the laser power. Similarly,
Hcps = i~εcp(cˆ
†e−iωcpt −H.c.) + i~εcs(cˆ†e−iωcst −H.c.)
describes the interaction Hamiltonian of cavity mode cˆ
with the pump field of amplitude εcp =
√
2κPcp/~ωcp
and the signal field of amplitude εcs =
√
2κPcs/~ωcs,
respectively. The last term Hac = ~J(aˆ
†cˆ + cˆ†aˆ) repre-
sents the interaction between the two cavity modes with
the strength J .
For simplicity, we assume that the two pump fields
have the same frequency, i.e., ωap = ωcp = ωp. In
the rotation frame with Hr = ωp(aˆ
†aˆ + cˆ†cˆ), the sys-
tem Hamiltonian can be written as
H = ~∆aˆ†aˆ+ ~∆cˆ†cˆ+ ~ωmbˆ
†bˆ+ ~g(aˆ†aˆ+ cˆ†cˆ)(bˆ† + bˆ)
+i~εap(aˆ
† −H.c.) + i~εas(aˆ†e−iδast −H.c.)
+i~εcp(cˆ
† −H.c.) + i~εcs(cˆ†e−iδcst −H.c.)
+~J(aˆ†cˆ+ cˆ†aˆ), (2)
where ∆ = ωc − ωp is the frequency detuning between
the cavity field (aˆ, cˆ) and the pump field (εap, εcp), and
δas = ωas−ωp (δcs = ωcs−ωp) is the frequency detuning
between the signal field εas (εcs) and the pump field εap
(εcp). The system dynamics is fully described by the set
of quantum Heisenberg-Langevin equations
daˆ
dt
= −(i∆+ κt)aˆ− igaˆ(bˆ† + bˆ)− iJcˆ+ εap
+εase
−iδast +
√
2κaˆin,
dcˆ
dt
= −(i∆+ κt)cˆ− igcˆ(bˆ† + bˆ)− iJaˆ+ εcp
+εcse
−iδcst +
√
2κcˆin,
dbˆ
dt
= −(iωm + γ)bˆ− ig(aˆ†aˆ+ cˆ†cˆ) +
√
2γbˆin, (3)
3where the cavity has the damping rate κt = κin + κ,
which are assumed to be due to the intrinsic photon loss
and external coupling loss, respectively, and the mechan-
ical mode has the damping rate γ. aˆin (cˆin), and bˆin are
the δ-correlated operators of the input noises for the cav-
ity mode aˆ (cˆ) and the mechanical mode bˆ, respectively.
These noise operators satisfy 〈aˆin〉 = 〈cˆin〉 = 〈bˆin〉 = 0.
In this model, we are interested in the mean response
of the system. Thus, in the following, we turn to calcu-
late the evolutions of the expectation values of aˆ, cˆ, bˆ,
and we denote 〈aˆ〉 ≡ A, 〈cˆ〉 ≡ C, 〈bˆ〉 ≡ B, 〈aˆ†〉 ≡ A∗,
〈
cˆ†
〉 ≡ C∗, 〈bˆ†〉 ≡ B∗. By using the mean-field assump-
tion 〈aˆbˆcˆ〉 = 〈aˆ〉 〈bˆ〉 〈cˆ〉, we can write the equations for
the mean values as
dA
dt
= −(i∆+ κt)A− igA(B +B∗)− iJC
+εap + εase
−iδast,
dC
dt
= −(i∆+ κt)C − igC(B +B∗)− iJA
+εcp + εcse
−iδcst,
dB
dt
= −(iωm + γ)B − ig(|A|2 + |C|2). (4)
Equations (4) can be solved by using the perturbation
method in the limit of the strong pump fields, while tak-
ing the signal fields to be weak. Using the linearization
approximation, we make the following ansatz [25]
X = X0 +Xa+e
−iδast +Xa−e
iδast
+Xc+e
−iδcst +Xc−e
iδcst, (5)
where X can be any one of the quantities A, B, C, or
their complex conjugates A∗, C∗, B∗. X0 represents
the steady-state mean value of the corresponding sys-
tem mode, and Xa+, Xa−, Xc+, Xc− are the additional
fluctuations. By substituting Eq. (5) into Eqs. (4), and
keeping only the first-order in the small quantities and
neglecting the nonlinear terms like Aa+Ca+, Aa+Bc−,
Bc−Ca+, · · · , we can obtain the steady-state mean value
equations, and the fluctuation equations for the cavity
mode components Aa+ and Cc+ (see the appendix). By
solving these equations, we find that Aa+ = η(δas)εas,
Cc+ = ξ(δcs)εcs, the concrete forms of the coefficients
η(δas) and ξ(δcs) are tediously long, and we will not
write them out here.
The relation among the input, internal, and output
fields is given as [26] Xout = X in − 2κX . By us-
ing the ansatz again, we write the output field Xout
as Xout0 + X
out
a+ e
−iδast + Xouta− e
iδast + Xoutc+ e
−iδcst +
Xoutc− e
iδcst. Then we can obtain the output field compo-
nents Aouta+ = εas−2κAa+ and Coutc+ = εcs−2κCc+. The
transmissivities can be written as ta(δas) = A
out
a+ /εas,
tc(δcs) = C
out
c+ /εcs. The nonreciprocal transmission is
then described by the normalized transmissivities (trans-
mission spectra)
Ta = |ta(δas)|2 = |1− 2κη(δas)|2 ,
Tc = |tc(δcs)|2 = |1− 2κξ(δcs)|2 . (6)
What’s more, in the resonant region of the trans-
mission spectra, the output signal fields have the
phase dispersions φa(ωas) = arg[Ta(ωas)] and φc(ωcs)
= arg[Tc(ωcs)], which can cause the group delay [27]
τa =
dφa(ωas)
dωas
, τc =
dφc(ωcs)
dωcs
. (7)
The group delay τa (τc) > 0 corresponds to the slow
light propagation of the signal field, and the group delay
τa (τc) < 0 corresponds to the fast light propagation
of the signal field. In the following, we will discuss the
nonreciprocal transmission (Ta = 1, Tc = 0 or Ta =
0, Tc = 1) and the nonreciprocal fast-slow light effects
(τa > 0, τc < 0 or τa < 0, τc > 0), respectively.
In this paper, the parameters are chosen based on the
recently experiment[28, 29]: ωm = 2pi × 10 MHz and γ
= 2pi×102 Hz (quality factor Qm = 105), the equivalent
mass of the mechanical resonance m = 5 ng, and the
equivalent cavity length l = 1 mm. The damping rate
of the optical cavity κ = 2pi× 1 MHz, the wavelength of
the pump laser λ = 1064 nm. The other parameters are
J = 2pi × 103 Hz, κin = 2pi × 1 MHz.
3. Nonreciprocal transmission
In this section, we numerically evaluate the transmission
spectra Ta and Tc to show the possibility of achieving the
nonreciprocal transmission of the signal fields.
Firstly, we assume that the system works near the
red sideband (∆ = ωm). In Fig. 2 we plot Ta and
Fig. 2. The transmission spectra Ta (red solid lines) and
Tc (blue dashed lines) as a function of δas/ωm and δcs/ωm,
respectively. The system works near the red sideband (∆ =
ωm). The parameters are: (a) Pa = Pc, (b) Pa = 10
2Pc,
(c) Pa = 10
4Pc, (d) Pa = 10
5Pc. The other parameters are
stated in the text.
4Fig. 3. The transmission spectra Ta (red solid lines) and
Tc (blue dashed lines) as a function of δas/ωm and δcs/ωm,
respectively. The system works near the blue sideband (∆ =
−ωm). The parameters are: (a) Pa = Pc, (b) Pa = 6Pc, (c)
Pa = 8.5Pc, (d) Pa = 9.5Pc, (e) Pa = 5 × 10
2Pc, (f) Pa =
104Pc. The other parameters are stated in the text.
Tc as a function of δas/ωm and δcs/ωm, respectively.
Here we hold the pump power Pc constant, Pc = 100nW
[30]. We can see that the transmission of the left-moving
signal field is simply that of a bare resonator, and Tc
exhibits a dip near δcs = ωm (Tc ≈ 0). By adjusting
the pump power Pa, we find that the transmission of
the right-moving signal field can be obviously modified.
Near δas = ωm, Ta will exhibit a very narrow peak and
gradually increase with the increase of Pa. When Pa =
104Pc, we have Ta ≈ 1. If we continue to increase Pa,
the spectrum will exhibit a split, and this is associated
with the normal mode splitting [31]. The above features
can result in a nonreciprocal transmission of the signal
fields in our system, i.e., the right-moving signal field
is completely transmitted, while the left-moving signal
field is blocking-up.
Then we consider that the system works near the blue
sideband (∆ = −ωm), and we also choose Pc = 100nW.
In Fig. 3, we can see that Tc exhibits a dip near δcs =
−ωm (Tc ≈ 0). By adjusting the pump power Pa, Ta
will exhibit a very narrow peak near δas = −ωm, with
the increase of Pa, the peak value will first increase and
then decrease. When Pa = 9.5Pc, we have Ta > 1, Tc <
1, now the right-moving signal field can be amplified,
while the left-moving signal field cannot be amplified.
When Pa = 10
4Pc, we have Ta ≈ 1, Tc ≈ 0. Now
the system can also be used to realize the nonreciprocal
transmission of the signal fields.
In addition, in our system, the transmissive direction
of the signal field can be changed by adjusting the ratio
of Pa and Pc. For example, when ∆ = ωm, Pa = 100nW
and Pc = 10
4Pa, now the left-moving signal field is com-
pletely transmitted while the right-moving signal field is
blocking-up.
4. Nonreciprocal fast-slow light effects
In this section, we show how to realize the nonreciprocal
fast-slow light propagation of the signal fields, i.e., both
the right-moving and left-moving signal fields can be
completely transmitted, while the group velocity of the
right-moving signal field will be speed up and the left-
moving signal field will be slowed down, or vice versa.
In Fig. 4, we plot Ta and Tc for different intrinsic pho-
ton loss rate κin under the unbalanced-pumping condi-
tion (Pa = 10
5Pc, Pc = 100nW). We find that with the
decrease of κin the transmission of the left-moving signal
field Tc will gradually increase near δcs = −ωm. How-
ever, the transmission of the right-moving signal field
Fig. 4. The transmission spectra Ta (red solid lines) and Tc
(blue dashed lines) as a function of δas/ωm and δcs/ωm, re-
spectively, for different intrinsic photon loss rate κin. The
system works near the blue sideband (∆ = −ωm). The pa-
rameters are: (a) κin = κ, (b) κin = 10
−1κ,, (c) κin = 10
−2κ,
(d) κin = 10
−3κ. The other parameters are stated in the text.
5Fig. 5. The group delay τa (red solid lines) and τc (blue
dashed lines) as a function of δas/ωm and δcs/ωm, respec-
tively. The system works near the blue sideband (∆ = −ωm).
The parameters are: (a) Pa = 1×10
4Pc, (b) Pa = 5×10
4Pc,
(c) Pa = 1× 10
5Pc, (d) Pa = 2× 10
5Pc, (e) Pa = 5× 10
5Pc.
The other parameters are stated in the text.
Ta ≈ 1 near δas = −ωm. When κin = 10−1κ, we have
Ta ≈ 1, Tc ≈ 0.7, now the nonreciprocity of the sys-
tem about the optical transmission is weakened. When
κin = 10
−3κ, we have Ta ≈ 1.01, Tc ≈ 0.996, and the
nonreciprocity of the system about the optical transmis-
sion almost disappears(Ta ≈ Tc).
However, in this situation (κin ≪ κ), the nonreciproc-
ity of system is shown in the group delay properties of
the signal fields. In Fig. 5, we plot τa and τc as a func-
tion of δas/ωm and δcs/ωm, respectively. We can see
that in the range of the parameters we considered (we
have plotted the transmission spectra Ta and Tc and we
can guarantee that Ta ≈ Tc ≈ 1 for all the parame-
ters used in Fig. 5), the group delay of the right-moving
signal field is negative near δas = −ωm (the group veloc-
ity will be speed up), that corresponds to the fast light
propagation. While the group delay of the left-moving
signal field is positive near δcs = −ωm (the group veloc-
ity will be slowed down), that corresponds to the slow
light propagation. This shows that the system can ex-
hibit a nonreciprocal fast-slow light propagation of the
signal fields.
Furthermore, we can change the propagation direction
of the fast-slow light by adjusting the ratio of of Pa and
Pc. For example, in Fig. 5(c), we have τa ≈ −0.3µs
and τc ≈ 0.3µs. However, if we choose Pa = 100nW and
Pc = 10
5Pa, then we have τa ≈ 0.3µs and τc ≈ −0.3µs,
now the right-moving signal field is slow light and the
left-moving signal field is fast light.
5. Conclusion
In summary, we have studied the nonreciprocal trans-
mission and the fast-slow light effects in a cavity optome-
chanical system. We have shown that for both the red-
sideband pumping or the blue-sideband pumping, the
system can act as an optical unidirectional isolator. We
have also shown that if the intrinsic photon loss is much
less than the external coupling loss, the nonreciprocity
of the system on the optical transmission almost dis-
appears, now the system reveals an interesting nonre-
ciprocal fast-slow light propagation phenomenon. Our
proposed model might have applications in the photonic
network.
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Appendix
By substituting Eq. (5) into Eqs. (4), we can obtain the
the steady-state mean value equations
0 =− (i∆+ κt)A0 − igA0(B0 +B∗0)− iJC0 + εap,
0 =− (i∆+ κt)C0 − igC0(B0 +B∗0)− iJA0 + εcp,
0 =− (iωm + γ)B0 − ig(|A0|2 + |C0|2). (A1)
In this system, we are interested on the dynamics of
the cavity mode components Aa+e
−iδast and Cc+e
−iδcst
which are resonance with the corresponding signal fields
εase
−iδast and εcse
−iδcst, respectively. We can obtain
ΦaBa+ =− ig(A∗0Aa+ +A∗a+A0 + C∗0Ca+ + C∗a+C0),
ΩaAa+ =− igA0(Ba+ +B∗a+)− iJCa+ + εas,
ΩaCa+ =− igC0(Ba+ +B∗a+)− iJAa+, (A2)
ΦcBc+ =− ig(A∗0Ac+ +A∗c+A0 + C∗0Cc+ + C∗c+C0),
ΩcCc+ =− igC0(Bc+ +B∗c+)− iJAc+ + εcs,
ΩcAc+ =− igA0(Bc+ +B∗c+)− iJCc+, (A3)
where Φk = i(ωm − δks) + γ and Ωk = i[∆ + g(B0 +
B∗0)− δks] + κt , k = a, c.
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